There are several methods of fabricating nanogaps with controlled spacings, but the precise control over the sub-nanometer spacing between two electrodes-and generating them in practical quantities-is still challenging. The preparation of nanogap electrodes using nanoskiving, which is a form of edge lithography, is a fast, simple and powerful technique. This method is an entirely mechanical process which does not include any photo-or electron-beam lithographic steps and does not require any special equipment or infrastructure such as clean rooms. Nanoskiving is used to fabricate electrically addressable nanogaps with control over all three dimensions; the smallest dimension of these structures is defined by the thickness of the sacrificial layer (Al or Ag) or self-assembled monolayers. These wires can be manually positioned by transporting them on drops of water and are directly electrically-addressable; no further lithography is required to connect them to an electrometer.
Introduction
This paper describes the fabrication of electrically addressable, high-aspect-ratio nanowires of gold separated by gaps of single nanometers using vacuum-deposited aluminum and silver as a sacrificial spacer layers for gaps> 5 nm and self-assembled monolayers (SAMs) of alkanedithiols for gaps as small as 1.7 nm. We fabricated these nanostructures without a clean room or any photolithographic processes by sectioning sandwich structures of gold separated by a sacrificial spacer using an ultramicrotome, a form of edge lithography known as nanoskiving. [1] [2] [3] This method is a combination of the deposition of thin metal films and sectioning using an ultramicrotome. The main step in nanoskiving is slicing thin sections with an ultramicrotome equipped with diamond knife which is attached to a boat full of water to produce slabs that are as thin as ~ 30 nm. Ultramicrotomes are used extensively for the preparation of thin samples for imaging with optical or electron microscopy and many of the most experience practitioners of ultramicrotomy come from a biological or medical background. There are several methods of fabricating nanogaps including mechanical break junctions, 4 electron-beam lithography 5 , electrochemical plating, 6, 7 electromigration, 8 focused ion beam lithography, 9 shadow evaporation, 10 scanning probe and atomic force microscopy, 11 on-wire lithography, 12 and molecular rulers. 13 All of these methods have their own characteristics and applications but producing and addressing nanogaps both in useful numbers and with precise control over the dimensions of the gap remains a challenge. In addition these methods have high operating costs, they are limited to the class of materials that can survive the etching processes, and are limited in resolution. Nanoskiving enables the rapid fabrication of electrically-addressable nanowires with spacings of single nanometers on the bench-top. We are interested in the rapid prototyping of nanostructures for Molecular Electronics, for which the nano-fabricated electrodes do not require specialized or time-consuming techniques; 14 once a block is made, it can produce hundreds of thousands of nanostructures, (serially) on demand. However, the technique is not limited to SAMs or Molecular Electronics and is a general method for preparing a gap between two nanostructures. In this paper we use silver, aluminum, and SAMs as sacrificial layers to produce gaps of various sizes between gold nanowires, but the technique is not limited to these materials (or to metallic nanowires). The wires are pick-and-place and are compatible with magnetic alignment, thus they can be placed on arbitrary substrates. 15 Another strength of nanoskiving is that it affords control over all three dimensions. The dimensions of the samples are determined by the topography of the substrate (X), the thickness of the deposited film (Y) and the thickness of the slab produced by the ultramicrotome (Z). Figure 1 summarizes the procedure used to produce the nanowires with the defined spacing. Gold features (1-2 mm in length) are deposited by evaporation through a Teflon mask onto a silicon substrate. Epofix (Electron Microscopy Sciences) epoxy prepolymer is poured over the entire wafer, covering the gold features, when the epoxy is cured, the epoxy is separated from the wafer (i.e. via template stripping); the gold features remain adhered to the epoxy. For metallic sacrificial layers, aluminum or silver is evaporated with the desired thickness through the Teflon mask with an offset of 200 -500 μm over the gold features. To produce sub-5 nm gaps, a SAM is formed by submerging the gold features in a 1 mM ethanolic solution of the appropriate dithiol overnight. A second set of gold (or another metal) is deposited by placing the Teflon shadow mask over the first layer of gold features (covered in silver, aluminum or a SAM) with an offset of 200 -500 μm with respect to the first evaporation. This offset will eventually define the longest dimension of the gap, and it can be accurately measured using a micro-ruler before embedding the entire structure in epoxy for sectioning. Then the whole structure is embedded in a block 1. Treat a technical-grade 3" silicon wafer in an air plasma cleaner for 30 sec and then expose it to (tridecafluoro-1,1,2,2,tetrahydrooctyl)trichlorosilane vapor for one hour. Note: This step is necessary prior to step 1.4 to prevent the epoxy from adhering to the silicon wafer. 2. Deposit a layer of gold (usually 100 nm-thick, which defines the width of the wires) through a Teflon master (that defines the length of the resulting wires; 0.5 mm, 1 mm, or 1.5 mm) onto the pre-treated silicon wafer. 3. Cover the entire wafer with ~ 8.5 ml of Epofix epoxy pre-polymer and cure for three hours at 60 °C. 4. Template-strip the gold layer by carefully peeling the epoxy from the wafer such that the gold remains attached to the cured epoxy. Insert the edge of a razor blade at the interface between the silicon wafer and epoxy and then gently peel the epoxy layer from the silicon wafer.
Because of the poor adhesion of gold to the fluorinated silicon wafer (step 1.1) the gold features remain adhered to the epoxy. Note: Be careful not to break the silicon wafer, otherwise the silicon particles will damage the diamond knife in the sectioning step. 5. The same Teflon mask is placed back over the gold features, but laterally offset by ~ 80% of the shortest dimension of the gold features and deposit a layer of aluminum or silver through the Teflon master. The thickness of this layer will define the spacing of the nano-gap between the gold wires. The lower limit depends on the metal, but is ~ 5 nm for aluminum and silver, below which the layers become discontinuous. Note: This offset will eventually define the length of the overlap between two gold electrodes and you can measure it with micro-ruler. 6. For gaps below 5 nm: Immerse the template-stripped gold on epoxy in a 1 mM solution of an alkanedithiol in ethanol (or any solvent that does not swell the epoxy) overnight in a closed chamber that is purged with nitrogen (to mitigate the spontaneous formation of disulfides). (In this paper we use 1,12-dodecanedithiol, 1,14-tetradecanedithiol or 1,16-hexadecanedithiol to produce gaps of various widths below 3 nm.) Remove the template-stripped gold-on-epoxy substrate from the SAM-forming solution. Rinse it with ethanol and dry it with nitrogen before drying at 60 for 2 min. 7. If using a SAM, place back the Teflon mask onto the epoxy substrate but laterally offset by ~ 80% of the shortest dimension of the gold features. If using a metal, the mask is already in position after Step 1.5, so do not change the position of the mask after the deposition of the aluminum or silver. 8. Deposit a second layer of gold or any other metal through the mask. This layer will typically be composed of the same metal at the thickness as the first(100 nm-thick in this case). 9. Remove the Teflon mask, taking care not to scratch the features, which will result in broken nanowires. 10. Re-embed the entire substrate in Epofix pre-polymer (~ 8.5 ml) and cure it for at least three hours at 60. 11. Cut the features out using a jeweler's saw (into ~ 4 x 10 mm pieces) and place each into a separate well in a polyethylene ''coffin'' microtome mold. 12. Fill the mold with Epofix pre-polymer, and cure it overnight at 60 °C.
Sectioning
1. Remove a block from the polyethylene mold and mount it in the sample holder. 2. Attach the sample holder to the trimming attachment and mount it in the ultramicrotome. 3. Clean a razor blade with ethanol to remove lubricant and metal fragments and inspect the edge of the razor blade under the stereoscope of the ultramicrotome. Any remaining fragments will damage the diamond knife during sectioning. Trim the block to the width of the diamond knife (we use 2 mm or 4 mm Diatome Ultra 35 °) in a trapezoid shape (because it is the most stable shape for sectioning). Note: some ultramicrotomes use trimming attachments that mount to the cutting arm, but we achieve better results with razor blades. 4. Align the edge of a glass knife parallel to the bottom edge of the face of the block. 5. Start pre-cutting with the ultramicrotome (we used a Leica EMUC-6) equipped with a glass knife to define a smooth surface on the face of the block. 6. To fabricate a metallic structure, replace the glass knife with a diamond knife, re-align it, and section the block to either 100 nm at 1 mm/ sec or 50 nm at 0.6 mm/sec. Epofix sections are stable down to ~ 30 nm. Note: an easy verification of the thicknesses of the sections is their color, which varies predictable as a function of thickness and does not depend on the resin which has been used; reference cards are available. 16 7. Collect the epoxy sections containing the structures from the surface of the water in the reservoir of the knife either individually using a Perfect Loop (Electron Microscopy Sciences) or as ribbons of several sections to an Si/SiO2 (for SEM) or SiO2 (for electrical measurements) substrate by placing substrate under the surface of the water and raising it slowly. 8. Dry the sections at 60 °C for 3 hr to improve their adhesion to the substrate. 9. To ash the epoxy, expose the samples to an oxygen plasma (15 min at 1 mbar is sufficient to remove all traces of the epoxy from 100 or 50 nm-thick sections). Note: If fabricating nanostructures for electrical measurements, this step must be performed after Step 4.
Etching out the Sacrificial Layer
1. For aluminum: Place the sections containing aluminum in a 2 M aqueous solution of HCl for 2 hr. For silver: expose the sections to oxygen plasma for 10 min. Note: the selection of materials allows either wet-etching (using HCl) or dry-etching (using oxygen plasma), however silver can be removed by wet etching as well. 2. For SAMs: Plasma treatment partially etches the SAMs, but we have been unsuccessful in our efforts to characterize to what degree.
Electrical Measurements
1. Place epoxy sections on a SiO2 substrate that has been thoroughly cleaned (e.g. using piraña solution) and dry them (steps 2.7 and 2.8).
2. Mount the substrate under a light microscope or the stereoscope attached to the ultramicrotome. 3. Apply drops of silver paste (or carbon ink) on two ends of wires in each section. These embedded metallic structures will be visible as either a black line (from the gold/epoxy interface) or, in the case of thicker gold structures (from the deposition steps), directly visible. In either case, the drops should be applied sufficiently far from the center to short the nano-gaps.
Representative Results
We prepared nanogap structures by incorporating two metallic sacrificial layers as the spacer: aluminum and silver. We etched these layers to obtain gaps of the desired thicknesses. As described in the Protocol section, after sectioning we exposed the structures containing silver to oxygen plasma, and those containing aluminum to aqueous HCl. Figure 2 shows scanning electron micrographs (SEMs) of the resulting nanowires with nanometer-scale separation. In both cases gaps are clearly visible and directly measurable. To obtain gaps below 3 nm, we used SAMs of 1,12-dodecanedithiol (SC12S), 1,14-tetradecanedithiol (SC14S) and 1,16-hexadecanedithiol (SC16S). The corresponding SEMs are shown in Figure 3 . The gaps formed by these molecules are clearly visible, and it is apparent that the size of the gap increases as the length of the molecules increase. The lengths of these molecules in their extended conformation (AM1 minimized) is as follow: 2.17 (SC16S), 1.97 (SC14S) and 1.70 nm (SC12S). If these molecules serve as the template we would expect the gap-widths to be the hypotenuse of the triangle formed by the surface of the gold and backbones of the molecules, which are tilted ~ 30 ° from normal on gold. However, due to the resolution limit of the SEM, direct measurement of the gap-widths is not possible, thus we label these gaps as ''< 4 nm.'' We have imaged the gaps by STM, AFM and CP-AFM, but in all cases we were not able to resolve the width of the gap. We therefore indirectly measured the gap size by doing electrical measurements. To accomplish these measurements we prepared sections and applied silver paste as described in the Protocol section. We connected one pad to a syringe with a sharp tip of eutectic Ga-In (EGaIn) and the other pad to a tungsten probe using a small drop of EGaIn (and grounded the probe). The data for SAM-templated gaps are plotted in Figure 4 . As the length of the molecules increases the current decreases exponentially, as expected. This exponential decrease implies that the molecules are intact in the junction. To prove this supposition we used a form of Simmons' approximation, J -J 0 e -dβ where d is the thickness of tunneling barrier, J 0 is the theoretical value of J at d=0 and β is the characteristic tunneling decay, which can be extracted from a linear fit of ln J as a function of the width of a junction (or number of carbons, n c ). Typical values of β for alkane backbones are in the range of Å-1 ( 0.71 -1.10 n c -1 ) at 200-500 mV and depends weakly on voltage. [17] [18] [19] [20] The inset in Figure 4 is linear fit of ln J at 500 mV (from the data in Figure 4 ) versus length (Å) for SC16S, SC14S, and SC12S templated nanogap structures. From the slope of this plot, β = 0.75 Å-1 (0.94n c -1 ) which is in the range of reported values in literature, we conclude that the gap size is defined by these molecules with resolution of 2.5 Å and the current goes through the backbone of the intact molecules. A SAM is then formed on these gold features. D) The Teflon mask is placed over the SAM-covered gold features with an offset of 250 -500 μm and another 100 nm-thick layer of gold (or any other metal) is deposited. Note: in case of using sacrificial layers of metals (aluminum and silver), these metals are deposited prior to the second deposition with the thickness that is desired to produce final gap width. E) The mask is removed and the resulting features are rough-cut with a jeweler's saw and are then embedded in epoxy in microtome mold to produce the blocks to be sectioned with an ultramicrotome. ).
Discussion
In this paper we demonstrated the fabrication of nanogap structures using nanoskiving. This experimentally simple method enables the production of nanostructures at the rate of about one per second, with control over all three dimensions. The gap-size is defined by incorporating either sacrificial layers of aluminum and silver or self-assembled monolayers of dithiols (which affords a resolution as small as Å). The nanostructures can be positioned by hand on any arbitrary substrate and they are directly electrically addressable, which is a unique property of nanoskiving. This technique also produces highly uniform structures; however, very thin (< 50 nm) sections are sensitive to vibrations that alter the thickness of the individual structures. The quality of the diamond knife, which is the most important part of nanoskiving, is crucial to get continuous wires. Small nicks in the in knife result in scores in the final sections, while significant nicks in the knife produce broken wires. Sample mounting and alignment of the knife edge with the surface of the block requires some practice, but the technique requires no special training or skills and the nanofabrication process takes place entirely on the bench top, outside of a clean room.
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